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Atomically precise Au nanoclusters have recently emerged as
a new class of catalysts for a range of reactions, including the A*
coupling reaction, which involves a highly efficient assembly, in
a single step, of an aldehyde, an amine and an acetylene to form
a propargylamine. Propargylamines are valuable precursors to
a number of organic heterocyclic substrates, natural products
and therapeutic drugs, and have thus found broad applications
in synthetic and pharmaceutical chemistry." The A® coupling
reaction is generally catalyzed by transition metal species, for
example, those of Cu, Zn, Rh, Ru, Ir, Ni, Fe, Ag and Au.” Among
them, noble-metal salts, complexes or nanoparticles, especially
those of Au, are found to be more efficient as they can more
readily activate the acetylene as the corresponding acetylide.?
Recently, recyclable Au(0) nanoparticles have been shown to be
more efficient than the widely used Au(1) and Au(m) complexes
as catalysts for this reaction.*

A challenge with the Au nanoparticle catalysts is the estab-
lishment of correlations between the particle structure and its
catalytic performance, due to the fluidity of the surface struc-
ture (coordination pattern between surface metal and ligands).?
Compared to larger gold nanoparticles, therefore, atomically
precise Au nanoclusters with their well-defined molecular
structures, make it possible to correlate their surface structures
with catalytic performance. The higher surface area to volume
associated with their smaller metal core size (<2 nm) also
translates to a reduced amount of the catalyst needed. For
example, Jin, et al., have reported that the thiolate-protected
nanocluster [Ausg(SC,H4Ph)y,] (Ausg) could catalyze the A®
coupling reaction, and the high catalytic efficiency was ascribed
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reaction more efficiently than those stabilized by thiols or phosphines. The nature of the catalytic activity
is also different, and may be attributed to the weaker coordinating ability of the stibine ligands.

to the synergistic effect between the electron-rich Au core and
the electron-deficient surface of the nanoclusters.® The group of
Obora reported the use of the thiolate-protected nanocluster
[Au,5(SC,H,Ph);5][TOA] (Auys, TOA = tetraoctylammonium) as
an efficient catalyst for the reaction and they believed that the
surface Au atoms, sterically unblocked by the thiolate ligands,
served as active sites in the catalytic process,” and Li, et al., re-
ported that the reaction could also be catalyzed by supported Au
nanoparticles derived from [Au,s5(PPhs); o(C=CPh)s]X, (AU 55, X =
Cl or Br), which has phosphine and alkyne as protecting ligands.
It was demonstrated in the latter that removal of one phosphine
ligand from the supported Au’,5 cluster was necessary to enable
catalysis.® Finally, Wu, et al, reported an Au-Cd nanocluster,
[Au;3Cdy(PPh;)6(SC,H,4Ph)s(NO3),,CA(NO;),  (AupeCd,), with
high catalytic activity which was ascribed to the cooperative effect
between the peripheral Cd and adjacent Au atoms on the surface
of the Au,; icosahedral core.’

It is clear from the foregoing that the surface structure of the
Au nanocluster, including the ligand binding strength, may
have a significant influence on the catalytic performance. In this
regard, Au nanoclusters protected by more labile ligands may be
expected to be more efficient catalysts. We have recently re-
ported the preparation of an Au,;; nanocluster stabilized by
stibine ligands, viz., [Au;3{Sb(p-tolyl);}sCL,][Cl] (Au;;)."* We
anticipated that it may catalyze the A® coupling reaction more
readily than the previously reported phosphine- and thiolate-
protected clusters [Auy;(PPh;)sCL][Cl] (Auyq),™ and Au,s;* the
weaker bond between the Au,; core and stibine ligands should
lead to more ready ligand dissociation to expose catalytically
active Au sites.

The thermogravimetric analysis (TGA) curves for crystalline
Au,s, Auy; and Au,; show that weight loss at 300 °C is ca. 37, 50
and 56%, respectively (Fig. 1), matching the theoretical values
(37, 50 and 57%, respectively) corresponding to loss of all
coordinating ligands. While the loss for Au,; begins at ca.
145 °C, that for Auy; and Au,s begin at ca. 165 °C and 195 °C,
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Fig. 1 TGA curves for Aups, Augz and Augg.
respectively, clearly demonstrating that the stibine-protected

nanocluster is thermally less stable than the phosphine- and
thiolate-protected ones.
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A comparative study was carried out for the A*-coupling
reaction of phenylacetylene, piperidine and benzaldehyde with
Ausg, Au,s, AU'y5 and Au,eCd, as catalysts (Table 1). The first
three of these, viz., Ausg, Au,s and Au’,5, have already been re-
ported to be efficient catalysts for the reaction at very low
catalyst loadings (0.30-0.38 mol% based on Au atoms) but at
elevated reaction temperatures (80-100 °C) (entries 2-4);
Au,6Cd, catalyzed the reaction at room temperature but with
a higher catalyst loading (13 mol% based on Au atoms) (entry 5).
Although a straightforward comparison of those results is
difficult as they were carried out under different reaction
conditions, some general observations include: (1) the reaction
with Au nanoclusters as catalysts gave a higher yield when
carried out neat or in water (entries 1-3). This is consistent with
previous reports that water was beneficial with Au(1) salts as
catalysts.” (2) It has been suggested that elevated reaction
temperatures were required as it favoured formation of the
cationic imine intermediate, and facilitated catalyst activation
via removal of the protecting ligands (entry 4). (3) An inert

Table 1 A® coupling reaction of benzaldehyde, piperidine, and phenylacetylene with Au nanoclusters as catalysts”

)

©/ 2 O Au nanocluster N
+ H+ _—
SR (™~
: @

Entry Cat Cat. loading® (mol%) Time (h) Sol. T (°C) Conv.? (%) Ref.
1¢ Au,s 0.10 24 Tol 80 89/ 7
2 Au,s 0.013 5 None 80 ~95%E 6
3 Ausg/CeO, 0.010 5 None 80 99

0.010 5 H,0 80 94

0.010 5 Tol 80 80
4 AU’,5/TiO, 0.012 18 H,0 80 66 8

0.012 18 H,O0 100 90
5 Au,eCd, 0.50 5 DCM r.t. 80" 9
Entries below are from this work
6 Au,s 0.50 12 DCM" 21 0 —
7 Auyy 0.50 12 DCM” 21 0 —
8 Au,s 0.50 24 DCM 21 47 —
9 Auys 0.50 19 CHCl, 21 25 —
10 Auys 0.50 12 None 21 79 —
11 Au,s 0.50 12 None 21 4 —
12 Auyq 0.50 12 None 21 Trace —
13 Auys 0.03 15 None 21 32 —
14 Au,s 0.03 15 None 21 0 —
15 Auyy 0.03 15 None 21 0 —
16 Auys 0.03 5 None 50 81 —

12 None 50 92 —
17 AU, 0.03 5 None 50 7 —
12 None 50 69 —

18 Auqq 0.03 12 None 50 Trace —

“ Benzaldehyde (1.0 mmol), piperidine (1.2 mmol), phenylacetylene (1.3 mmol), solvent (1.0 ml, if present). * Supported catalysts are at 1 wt%, i.e.,
1 mg of Au nanocluster on 100 mg of support. © Based on Au nanoclusters, with respect to amount of benzaldehyde. ¢ Conversion of benzaldehyde,
determined by 'H NMR. ° Different reactant ratios used: benzaldehyde (0.5 mmol), piperidine (1.0 mmol), phenylacetylene (1.5 mmol)./ Isolated
yields. ¢ Conversion not given in original report; estimated from 'H NMR plot provided in ESI. ” Three other solvents were also tested: DCE, CDCl,

and toluene.
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atmosphere was needed in order to avoid rapid oxidation of the
substrates exacerbated by the elevated temperature. From the
economic and environmental perspectives, therefore, an effi-
cient catalyst which can catalyze the A* coupling reaction under
ambient conditions, without an organic solvent (neat), and in
air, would be desirable.

In this work, we have found that Au,s and Au,y; (0.5 mol%)
failed to afford any product at room temperature (21 °C), under
aerobic conditions, in any of the organic solvents tested
(dichloromethane (DCM), 1,2-dichloroethane (DCE), chloro-
form (CHCl;) or toluene (Tol)) (entries 6, 7) even after 12 h.
Another previously reported icosahedral cluster Au,;(PPhjy)s(-
SC,H,Ph), also showed no catalytic activity under similar
reaction conditions.® In contrast, Au,; gave the desired product
under the same reaction conditions, albeit at a relatively low
conversion of benzaldehyde: 47% in DCM after 24 h, and 25% in
CHCI; after 19 h (entries 8, 9). These figures were obtained by
monitoring the reactions in CD,Cl, and CDCl; by 'H NMR
spectroscopy (Fig. S1-S471). The lack of activity in the thiolate
and phosphine-stabilised nanoclusters is probably related to
the lack of catalytically active sites at room temperature since
these ligands are more strongly bound.

The neat reactions (all the three reactants are liquids at room
temperature) showed obvious improvement for Au,z, with the
conversion rate reaching 79% after 12 h (entry 10), and ~90%
with prolonged reaction time (36 h). This can be ascribed to
good solubility of the catalyst, and the higher substrate
concentrations. The reaction kinetics monitored through 'H
NMR spectroscopy (Fig. S5t), showed that conversion to prop-
argylamine rapidly increased to 57% in the first 5 h and further
to >90% over a prolonged reaction time (Fig. 2). Fitting the data
for the first 10 h to first-order reaction kinetics gave a rate
constant k = 0.14 h™ " (Fig. $67). The turnover frequency (TOFs)
at 6 min (2.9% conversion), was estimated to be 58 h™" per Au,;
cluster or 4.5 h™" per Au atom. Both Au,s and Auy; showed very
low conversion at 12 h of reaction under the same conditions
(0.5 mol% catalyst loading, neat) (Table 1, entries 11 and 12).
More significantly, both catalysts showed an induction period
(~12 h and 50 h, respectively), suggesting that the active species
was not Au,s or Au,; (Fig. 2). As may be expected, lowering the
catalyst loading to 0.03 mol% led to a significant drop in
conversion rates (entries 13-15), and increasing the tempera-
ture to 50 °C had a dramatic effect on the conversion for Au,;
and Au,;s but not Au,, (entries 16-18). At 50 °C, the reaction with
Au,;s was still within the induction period for the first 5 h. A
comparison of the performance of Au;; with Au,s at the 5 h
mark showed that the former (81% conversion, TON = 208 per
Au atom) outperformed the latter (7% conversion, TON = 9.3
per Au atom) (Fig. S20 and S217).

It is known that the active catalyst in many reactions cata-
lyzed by Au salts or complexes are actually Au(0) nanoparticles,
or other Au clusters formed during the reaction; these generally
exhibit an induction period during which the catalytically active
species is formed, at a slower rate than for the product-
formation reaction.* In the case of Au,; here, no induction
period was observed (Fig. 2). Since the induction period is
related to the concentration of the precursor to the active

This journal is © The Royal Society of Chemistry 2019
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catalyst, it is also possible that there may have been a short
induction period. To rule this out, the reaction was repeated
with a lower catalyst loading of 0.03 mol%; although the
conversion rate was decreased significantly (32% conversion
after 15 h, entry 13), an induction period was still not observed
(Fig. S87). In all these reactions, there were no obvious signs of
nanoparticle formation or precipitation. The catalyst could be
recovered from the room temperature reaction by precipitation
with hexane (after 60 h, at 93% conversion), and the UV-Vis
spectrum of the recovered catalyst showed the characteristic
absorption peaks of Au,; and some decomposition, although we
have not been able to determine the identity of the decompo-
sition products (Fig. S71). Monitoring of the reaction by 'H
NMR spectroscopy also showed that Auyz, or a structural
analogue (a “less intact” Au,3), was present throughout the
reaction; there were no obvious change in intensity or position
of the resonances (Fig. S9t). In addition, we have also found
that although (p-tolyl);SbAuCl, the most likely dissociated
fragment from Au,;, could catalyze the reaction it had a much
lower efficiency (Fig. S101). Taken together, these results
suggest that the catalytically active species is most likely Au, 3, or
a “less intact” Au,3 nanocluster in which one or more ligands
have dissociated or been replaced. Thus Au,; behaves as
a homogeneous, or what has been termed as quasi-
homogeneous, catalyst,” and its higher catalytic activity may
be attributed to the weaker coordination of the stibine ligands
to the Au,; core.

For Au,s, monitoring the reaction by UV-Vis spectroscopy
showed that it gradually decomposed during reaction, as re-
flected by the replacement of its characteristic peak at ca.
670 nm by another at ca. 840 nm (Fig. 3). The absence of
a surface plasmonic resonance (SPR) peak suggests that little or
no larger Au(0) nanoparticles (>4 nm) were formed.'® Moni-
toring the same reaction by "H NMR spectroscopy showed that
the Au,s gradually disappeared after the induction period,
accompanied by an obvious increase in the conversion
(Fig. S117). The oxidative decomposition of Au,s to generate
some Au(1) species during the catalysis of styrene oxidation has
already been noted previously.” Together with the results here,
we propose that Au,s is not the active catalyst for the A® coupling
reaction, at least under the given reaction conditions here.
Instead, in the presence of air, there is decomposition into the
active catalyst which is probably a mixture of smaller Au
clusters.

Similarly, the much lower catalytic efficiency for Au,; may be
partly attributed to its conversion to neutral Au,,(PPhj;),Cls
(Au’y;) which is poorly soluble in the reaction mixture and
precipitated out, leading to a much lower precursor catalyst
concentration; the orange Au’y; could be collected by washing
with hexane and was identified by its 'H NMR spectrum
(Fig. S12 and S13+)."* Just as in the case of Au,s, no SPR peak was
observed in the UV-Vis spectrum throughout the reaction
(Fig. S14, S15 and S187). That the catalytic activity of Ph;PAuCl,
albeit at a lower catalyst loading based on Au atoms, was
observed to be better in comparison initially, may be attributed
to the absence of an induction period (Fig. S161), and suggests
that the catalytically active species are smaller Au clusters
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Fig. 2 Conversion (%) of benzaldehyde as a function of reaction time
(h) catalysed by the various gold nanoclusters. Timescale at the top is
for Auy; and that at the bottom is for Ausz and Auas.
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Fig. 3 Electronic spectra of the crudes catalyzed by Au,s (0.5 mol%) in
neat conditions at 21 °C. The percentages in parentheses are the
corresponding conversion of benzaldehyde.

formed through decomposition of Au,; and/or Au’y;. Moni-
toring the A® coupling reaction with Au,; showed that while the
nanocluster was more soluble at 50 °C, it also decomposed to
other unknown species as conversion increased (Fig. S171); the
UV-Vis spectrum of the crude at 80% conversion showed no
distinct absorption peak, indicating almost complete decom-
position of Auy; and Au'y4 (Fig. S18t). Consistent with all these
is the observation that initial heating of the reaction mixture at
50 °C for 12 h significantly diminished the induction period
(Fig. S191). That Au,; nanoclusters can act as catalyst precursors
has also been reported previously.*®

In conclusion, we have found that the stibine-protected
nanocluster Au;; was a more efficient catalyst than the thio-
late- and phosphine-protected nanoclusters for the aldehyde-
acetylene-amine (A®) coupling reaction. The reaction proceeded
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under mild reaction conditions and in air. In contrast to the
thiolate- and phosphine-protected nanoclusters, the stibine-
protected nanocluster behaved as a homogeneous or quasi-
homogeneous catalyst. The effect of the ligand on catalytic
performance for Au nanoclusters has implications for the
design and preparation of more catalytically active Au nano-
clusters. Studies into this and with a wider substrate scope are
currently underway.
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